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Abstract
The application of crossflow ceramic microfiltration (CFCMF) to the removal of emulsified oil
from a simple analogue of raw produced water (PW) arising from oil exploration has been
studied. Outcomes relate to surfactant-stabilised oil-in-water (o/w) emulsions both as a discrete
emulsion and in combination with a colloidal suspension of particulate solids (bentonite). The
impact on both fouling during the filtration cycle and residual fouling of the ZrO2-TiO2
membrane, following aggressive caustic-acid chemical chemical cleaning applied between six
sequential 30-minute filtration runs, was investigated.
Results showed the addition of suspended solids to the o/w emulsion to be extremely deleterious
to sustaining both the permeability and selectivity of the membrane. The addition of 1,500
mg.L-1 of bentonite to a 10 vol% emulsion resulted in a permeability decrease of 3.5-5 times
over that recorded for the emulsion, and 8-36 times lower than that of the bentonite suspension.
Oil passage through the microfiltration membrane (0.45 μm pore size) was concomitantly
increased six-fold.
Tests performed to assess the cleanability of the membrane demonstrated similar differences
between the three feed liquids. The permanent fouling of the membrane by the combined
emulsion/suspension reduced its permeability by a factor of 16 over that attained for the
emulsion-fouled membrane, or 25 times less than the residual permeability of the membrane
challenged with the suspended particles. Moreover, the residual permeability of the
emulsion/suspension-fouled membrane was still in decline following the sixth run. The results
emphasise the importance of considering possible particle-emulsion interactions in studying
membrane filtration of PW analogues.
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1 Introduction
Produced water (PW) represents the most voluminous waste generated from petroleum industry
activities, it being the wastewater from oil exploration. Removal of the suspended materials
(comprising the free oil and inorganic solids) through a supplementary process following the
classical hydrocyclone and gas flotation unit operations is required either to meet high discharge
standards or permit reuse (Jiménez et al, 2018; Nasiri et al, 2017; Rawindran et al, 2017). Reuse
opportunities onshore are largely limited by the those offered locally, but often demand
desalination by reverse osmosis (Osipi et al, 2018) for which rigorous removal of suspended
2and colloidal solids is required. Offshore reuse is limited to reinjection into the reservoir
(Rawindran et al, 2017), for which removal of suspended matter is required for “tight” reservoir
formations of low permeability reservoirs (Jiménez et al, 2018; Chen et al, 2016). The
implementation of membrane technology for this application has been the subject of a number
of recent review articles (Zoubeik et al, 2018; Dickhout et al, 2017; Munirasu, 2016). In
particular, the performance of ceramic membrane technology for PW filtration has been subject
to increased interest over the past three years (Zsirai et al, 2018, 2016; Ebrahimi et al, 2018;
Atallah et al, 2017; Thibault et al, 2017; Weschenfelder, 2016, 2015ab; Guirgis et al, 2015).
Sustaining of the membrane permeability through effective cleaning remains the key challenge
in almost all membrane separation processes, and is crucially important in offshore membrane
separation processes where available space is limited; maximizing the net flux presents the most
effective means of minimising the technology footprint. In this regard, pilot-scale studies of
cross-flow ceramic microfiltration (CFMF) membranes have demonstrated the technology to
sustain comparatively high fluxes and to incur a smaller footprint than either the flotation units
or nutshell filters (Zsirai et al, 2018; Weschenfelder et al, 2016). There have also been a number
of predominantly bench-scale studies demonstrating the consistently high permeate water
quality attained (Matos et al, 2016; Santos et al, 2016; Abadi et al, 2011).
However, there have thus far been only limited studies of the effect of combining oil-in-water
emulsions and particle suspensions on filterability and selectivity for microporous ceramic
membranes. There has also been very little consideration of the impact of the chemical cleaning
cycle on the residual membrane permeability (the flux per unit transmembrane pressure),
Moreover, the challenge to the membrane imposed by highly stabilized emulsions at high oil
concentrations, such as might be encountered in untreated PW streams (i.e. upstream of the
hydrocyclones), has not been extensively explored.
The current work reports on the outcomes of a bench-scale study of the application of CFMF
to separate water from surfactant-stabilized highly concentrated (10 v/v%) oil-in-water
emulsions and colloidal suspensions (1500 g.L-1) at different transmembrane pressures (TMPs).
The selected oil concentration was based on the assumption of a feed concentration of up to
3,500 mg.L-1 oil exiting the production separator (Ray and Engelhardt, 1992) and a membrane
conversion of 95-96%, giving a maximum concentration of around 88,000 mg.L-1 oil. The study
encompassed an examination of the permeability of the membrane following successive
filtration and cleaning cycles, so as to quantify the relative cleanability of the membrane
challenged with the emulsion, particle suspension, and combined emulsion/suspension.
2 Materials and Methods
2.1 Materials
2.1.1 Emulsions and suspensions
Oil-in-water emulsions were prepared from 10% vol. engine diesel oil, 863 kg.m-3 density,
stabilized with ethylene tetrakis, [-CH2N[(-CH2CH2O-)[-CH2CH(CH3)O-]H]2]2 (Sigma
Aldrich, Germany), a surfactant of 1020 kg.m-3 density, 1-7 hydrophile-lipophile balance and
0.036 N.m-1 surface tension. The colloidal material used was laboratory-grade bentonite clay,
Na0.7Al3.3Mg0.7Si8O20(OH)4.nH2O (Sigma Aldrich Co.,Germany). The membrane cleaning
chemicals, sodium hydroxide (NaOH) and nitric acid (HNO3), were both supplied by BDH
Chemicals (UK).
32.1.2 Membrane and filtration unit
A 90 mm-diameter zirconium dioxide-titanium dioxide (ZrO2-TiO2) ceramic disc filter was
used in the study, with a rated pore size of 0.45 µm. The Spiralab gasket generates a crossflow
path of ~5 mm width and height, providing a total active membrane area of 29.1 cm2 from the
nominally total available area of 56.3 cm2.
The apparatus (Fig. 1) comprised a diaphragm pump (3), rated at 1.35 L.min-1 at 6.9 bar and
supplied by Aqua Leader (Quebec, Canada), connected to a 3 L feed reservoir (1). A liquid
filter (2) was installed inside the feed tank to ensure a homogenous medium and stabilize the
emulsions during operation. The pipework was fitted with valves for feed bypass (6) and
retentate throttling (8), as well as a feed pressure gauge (6). Filtrate from the ceramic membrane
crossflow disc holder (Spirlab, SterliTech, US), of stainless steel construction, was collected in
the permeate reservoir (10) and the rejected (retentate) stream directed to drain. All pipes and
fittings were based on 6 mm diameter pipework.
Figure 1: Schematic of the experimental setup. See accompanying text for numbering.
2.2 Methods
2.2.1 Analytical instrumentation
The emulsion interfacial tension was determined by the pendant-drop method (Drop Shape
Analyzer DSA100, KRÜSS GmbH, Germany) according to standard methods (APHA, 2012) at
surfactant concentrations of 0.25-3 vol%. Zeta potential was measured of using a Zetasizer
ZEN3600 (Malvern Instruments Ltd., UK) at room temperature for samples diluted 100x in DI
water, the instrument set to iterate at least 12 times. Feed and permeate oil concentration was
determined using Total Organic Carbon Analyzer TOC-L (Shimadzu, Japan). Permeate
turbidity was recorded using a Hach 2100N bench top turbidity meter (Hach, US).
It was assumed that the trend in percentage oil rejection is reasonably well represented by that
of TOC, as implied by previously reported rejection measurements of COD and oil
concentration on single samples of oil refinery wastewater (Santos et al, 2016). Since the
measured TOC rejection values are slightly slightly lower than those for oil rejection the data
trends provided are likely to be more conservative than those for oil rejection specifically.
2.2.2 Sample preparation and experiments
Oil/water emulsions (Table 1) were prepared by blending the set concentration of surfactant
(between 0.5% vol. up to 5% vol.) with the oil (10% by volume, 86,300 mg.L-1) in DI water at
a homogeniser speed of 3500 rpm for 10-15 minutes, the oil being added incrementally via a
burette. The optimum surfactant concentration for providing stable emulsions was inferred from
4monitoring the phase separation with time over a 30 minute period (Section 3.1.1). The same
preparation procedure was carried out for generating oil-in-water emulsions with colloidal
suspensions, blending the oil with a 1.5 g.L-1 bentonite suspension.
Table 1: Droplet and particle characteristics, full stabilised
Parameter Value
Oil1 concentration, mg.L-1 (v/v %) 86,300 (10%)
Oil1 droplet size (d50), µm 4.63
Oil1 density, kg.m-3 863
Particle2 concentration, g.L-1 1,500
Particle2 size (d50), µm 9.7
Particle2 density, kg.m-3 2,460
Temperature range, °C 24-26
1Diesel; 2Bentonite; 3Stabilised with 2 vol% (2040 mg.L-1) surfactant
The pH was maintained at 9.0 ± 0.2 throughout the study: scoping trials revealed the prepared
suspensions to be substantially stable at this pH, with no apparent phase separation of the feed
solutions over the course of the tests.
30-minute filtration tests were conducted at TMPs ranging from 0.2 bar to 1.4 bar, the permeate
flux being recorded and samples collected every minute for the first 10 minutes and then at 10
minutes intervals subsequently. A maximum run time of 30 minutes was used, it being
considered that this was a sufficient time period to allow the initial rapid flux decline to be
defined (Zsirai et al, 2016). The equilibrium flux was not attained within this time period, as is
the case for most studies conducted in this area.
At the rated pump flow rate the crossflow velocity (CFV) in the retentate channel was around
0.9 m.s-1 and, at the highest flux recorded in the study (~2000 L.m-2.h-1 or LMH), the conversion
below 8%. Impacts of conversion on the CFV were thus considered negligible, and the retentate
channel CFV assumed to be constant at 0.9 m.s-1 throughout.
2.2.3 Membrane cleaning
Membrane chemical cleaning was based on the protocol of Zsirai et al (2016), employing the
same protocol (Table 2) after every run. The membrane was initially flushed through with DI
water in situ and then submerged in a 20 g.L-1 sodium hydroxide solution for 30 minutes at
80°C. Following rinsing with DI water, a similar soak at the same temperature and duration in
5 g.L-1 nitric acid solution was applied prior to rinsing twice with deionised water. Following
suxch cleaning the flux:pressure trend for a clean water feed was generated to obtain the clean
water permeability (Kw) in the slope.
Table 2: Cleaning-in-place procedure
Reagent, ~50L
aliquots
Soak time and temperature
1. Mains water
2. 2% NaOH
30 min at 22-24oC
30 min at pH 13 and 80oC
3. Mains water 30 min at 22-24oC
4. 0.5% nitric acid 30 min at pH 2 and 80oC
5. Mains water 30 min at 22-24oC
53 Results and discussion
3.1 Data quality and reproducibility
Fluctuations in both the flux and the TOC breakthrough trends at in the initial stages of the tests
were attributable to challenges in manually controlling the retentate flow to sustain the
crossflow velocity and transmembrane pressure. The initial period of operation represented that
during which the rate of change of flux, and the associated fouling rate, was at its greatest.
The phase separation data represent the average of three tests. For these triplicates, 95% of the
standard deviation (SD) values were less than 5%, and the average overall SD value was 2.2%.
The zeta potential measurements were also triplicated, and in this case 92% of the standard
deviation (SD) values for the triplicates were less than 5%, with an average overall SD value
of 2.8%. The flux decline measurements were duplicated. The deviation between the duplicates
ranged from less than 1% at the highest TMP values to generally between 2 and 5% at the
lowest values.
3.2 Oil-in-water emulsion characterization
The expected trend of suppressed phase separation with increased surfactant concentration was
demonstrated at surfactant concentrations above 0.5 % (Fig. 2). In the absence of surfactant
almost 15% of the oil separated in less than one minute, with only a slight improvement in
stability at surfactant concentrations up to 0.75%. Stabilization improved significantly at a
surfactant concentration of 1%, the emulsion remaining stable for 2.5 minutes. At
concentrations of 2% and above the emulsion was nominally stabilized, or “tight”, with no
phase separation evident over a 30-minute period.
Figure 2: Effect of vol/vol % surfactant concentration (0-5%) on o/w emulsion stability, 86,300
mg.L-1 oil
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6Correlation of surfactant concentration with zeta potential, ζ, revealed ζ to decrease from  -11.8 
mV at 0.25% concentration to -20.1 mV at 0.75% before stabilizing at -16 mV at concentrations
above 1 % (Fig. 3). This trend is similar to that reported previously for diesel oil in brine
solution stabilized by xanthan gum and aluminium stearate (Jha et al., 2016). The interfacial
tension (IFT) trend indicated a dramatic decrease in IFT from 16 to 4.6 surfactant concentration
between 0 and 0.125% surfactant concentration (Fig. 3), with a shallower decline thereafter to
0.99 mN.m-1 at concentrations of 2% or more.
A surfactant concentration of 2% was thus selected for all subsequent membrane filtration tests.
At this concentration the emulsion characteristics, and specifically the droplet size, were as
indicated in Table 1.
Figure 3: Effect of surfactant concentration on interfacial tension and zeta potential
3.3 Membrane filtration, single run-tests
3.3.1 Flux decline
Permeate flux for the emulsion demonstrated the expected trends of increasing with pressure
and decreasing with time, though the transient trends were not consistent (Fig. 4) with the
decline at 0.7 bar being steeper than for all other TMPs. This possibly reflects the lack of control
provided by the relatively low CFV and the associated fouling. Flux values after 30 minutes
increased from 41 LMH at the lowest TMP of 0.2 bar to 346 at 1.4 bar (with corresponding
permeabilities of 205 and 247 LMH.bar-1), from initial fluxes of 98 and 475 LMH respectively.
This compares with fluxes of 194-240 LMH and steady-state permeabilities (after 24 h) of 97-
120 LMH.bar-1 reported by Weschenfelder et al (2015b) for a similar CFMF membrane
challenged with a PW analogue and 295-312 LMH and corresponding permeabilities of 118-
125 LMH.bar-1 for an alumina membrane challenged with real PW (Reyhani and Mashhadi
7Meighani, 2015). These studies refer to CFVs of 2-3 m.s-1, somewhat higher than the value for
the current study. The higher permeabilities recorded in the current study most probably reflect
the conditions not having reached steady state after 30 minutes.
Figure 4: Permeate flux transients vs TMP for stabilised o/w emulsion, oil concentration and droplet
size given in Table 1.
For the suspension the flux decline was, as expected, shallower and the flux after 30 minutes of
filtration (J30) correspondingly higher (generally between 555 and 675 LMH across the range
of TMPs applied) than for the emulsion. The fouling layer from a granular, non-deformable
particle greater in size than that of the membrane pore would be expected to incur a much
smaller reduction in permeability that a deformable, hydrophobic oil droplet.
The combination of emulsified oil and suspended solids resulted in a significantly reduced
permeability, as reflected in the J30:TMP correlations (Fig. 5). The permeability for the
combined liquid was 3.5-5 times lower that of the emulsified oil and 8-36 times lower than the
suspension, the difference increasing with decreasing TMP. This demonstrates that under the
conditions employed in the trials the particulate matter in the suspension does not form a
protective later on the membrane surface but instead exacerbates the fouling propensity of the
emulsified oil.
8Figure 5: Permeate flux after 30 minutes of filtration (J30) vs. TMP for the three liquid feeds
3.3.2 Permeate quality
For the emulsion, permeate TOC concentrations ranged from 10,000 to 24,000 mg.L-1,
corresponding to rejections of 91% to 79%, across all TMPs applied. No trend was evident
either with time or TMP (Fig. 6), and at 30 minutes observed differences in rejection with TMP
were negligible. TOC removal values reported in other studies have varied significantly
according to the distribution of the oil between the free and dissolved phase, and have tended
to report small decreases in rejection with TMP both for surfactant-stabilised emulsions (Zhu
et al, 2017; Matos et al, 2016; Abassi et al, 2012) and real wastewater (Abadi et al, 2011). These
previous studies have reported rejection values well in excess of 90%. The lower rejections
recorded in the current study reflect the relatively large pore size of the membrane used (0.45
µm), compared with membrane pore sizes of 0.1 µm or less employed by previous researchers,
but with no apparent pressure-related breakthrough of the oil droplets. According to the
computations of Zhu et al (2017) breakthrough of the droplets would appear to be unlikely
under the conditions of the test (<1.4 bar TMP, 0.45 μm maximum pore size, 4.6 μm median
droplet size).
As expected, suspended solids were effectively rejected, by more than 99.6%, for both the
suspension, with just a slightly reduced rejection at the highest TMP (99.6% cf. 99.8% on
average for all other TMP values).
9Figure 6: Permeate TOC vs. TMP for o/w emulsion, oil concentration and droplet size given in Table
1.
The combined emulsion/suspension, despite generating an apparently less permeable fouling
layer (Section 3.2.1), nonetheless resulted in a greater permeation of the oil through the
membrane leading to TOC concentrations almost six times greater than those for the o/w
emulsion (Fig. 7). Moreover, the turbidity of the permeate was also affected at the two highest
TMPs applied, reducing TSS rejection to between 95 and 97% (from 99.6-99.8% for the
suspension alone). This implies that, at these two TMPs, breakthrough of suspended material
(presumably free oil) is around 20 times greater for the combined emulsion/suspension than for
the suspension alone.
The impact of the addition of suspended material to a concentrated stabilized emulsion was thus
highly deleterious to the selectivity, as well as to permeability, of the microporous membrane.
This outcome is contrary to at least one previous report (Panpanit and Visvanathan, 2001)
demonstrating improved performance from the addition of bentonite to an oily-water emulsion
by a polymeric membrane, though the conditions employed significantly differed to those of
the current study. Since all physical conditions relating to the flow were the same as for the
emulsion, it must be assumed that breakthrough relates to synergistic interactions between the
oil, particles and membrane.
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Figure 7: Permeate TOC vs. TMP for combined emulsion/suspension
3.4 Sequential runs
The efficacy of chemical cleaning was studied by undertaking sequential runs under the same
operating conditions following chemical cleaning using the same protocol between each run,
and measuring the pure water permeability following each chemical clean. Results for the
stabilized o/w emulsion (Fig. 8) indicate that a discontinuous reduction in residual clean-water
permeability, i.e. the gradient of the trends displayed in Figure 8, takes place - specifically
between Runs 1 and 2 and Runs 3 and 4. Compared to a clean water permeability of 1185
LMH.bar-1 for the original material, the permeability decreased to 582 LMH.bar-1 following
Run 1 and then from 347 to 321 LMH.bar-1 between Runs 4 and 6. The residual permeability
was thus still in decline after the sixth run, notwithstanding the frequent and rigorous chemical
clean.
A comparison of the clean water permeability (Kw) values, pertaining to residual membrane
fouling, for the o/w emulsion, suspension, and the combined emulsion/suspension mixture
indicates significant differences in behaviour across the three liquid media (Fig. 9). Whereas
the emulsion and suspension residual Kw values had both almost stabilized after Run 6, to values
of around 350 and 550 LMH.bar-1 respectively, the corresponding value for the combined liquid
feed was both very significantly lower, at only 22 LMH.bar-1, and still declining after Run 6.
This arises despite the organic and solids load received by the more highly-fouled membrane
being much lower over the course of the 30-minute run, commensurate with the lower flux
sustained.
11
Figure 8: Clean water flux vs. TMP following sequential 30-minute runs, o/w emulsion
Figure 9: Residual permeability vs. run number for all three liquid media
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A number of published bench-scale studies have demonstrated significant differences in
membrane fouling propensity between synthetic and real wastewaters (Madaeni et al., 2013;
Ebrahimi et al, 2010; Chakrabarty et al, 2010). These differences are often attributed
characteristics of the oil and solution, such as the droplet size distribution, conductivity and pH
(Dickhout et al, 2017; Zhu et al, 2017; Chakrabarty et al., 2010). However, such phenomena
cannot account for the behavioural differences observed in the current study, where the only
difference between the emulsion and the combined emulsion/suspension is the addition of the
particles. Moreover, the persistence of permanent fouling, i.e. fouling not removed by chemical
cleaning, when the particles are present appears to have gone unreported before. On the other
hand, it may at least in part account for the low permeabilities reported both for both the above
bench-scale trials and for pilot studies (Guirgis et al, 2015; Prado-Rubio et al, 2012; Pedenaud
et al, 2011) performed on real PW streams.
4 Conclusion
The fouling trends of a 0.45 μm pore size crossflow ceramic microfiltration (CFMF) membrane
filtering a concentrated produced water (PW) analogue have been studied. The membrane,
operating in crossflow mode, was challenged with a surfactant-stabilised oil-in-water (o/w)
emulsion and a colloidal particle suspension, both individually and in combination. Impacts
were recorded for (a) flux decline during a single filtration cycle, (b) permeate water quality
with reference to TOC and turbidity, and (c) residual (permanent) fouling following a fixed
chemical clean applied between sequential filtration tests.
The addition of the particulate solids (at 1,500 mg.L-1) to the stabilised emulsion (10 % v/v)
was found to reduce the membrane permeability over the course of the filtration test by 3.5-5
times compared with the emulsion alone, and a 8-36 times reduction compared with the
suspension. This was accompanied by a six-fold factorial increase in the TOC passage
through the membrane.
The trend in permanent fouling, as manifested in the membrane permeability following
chemical cleaning, was similar across the three liquid matrices. Based on six short runs with a
standard chemical clean between each, the residual permeability of the membrane challenged
with the combined emulsion/suspension was 16-fold lower than for fouling by the emulsion
alone, and 25 times less than for suspended particles fouling.
Whilst the absolute output values recorded for the study are unlikely to be representative, given
the small scale of operation, the low temperatures employed and the use of analogue material
to represent the emulsified and suspended contaminants, the observed impact of the suspended
solids on the membrane permeability and permeate quality is likely to be generally valid. The
results indicate that suspended inorganic particles may significantly deleteriously impact on the
microfiltration of emulsified oil. This is contrary to the intuitive assumption of a measure
protection of the membrane from fouling afforded by the formation of a cake layer by the
granular solids, and suggests that care must be taken in selecting appropriate analogues to
represent PW when conducting membrane filtration studies.
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